ABSTRACT: This randomized study was performed to compare wear and migration of five different cemented total hip joint articulations in 150 patients. The patients received either a Charnley femoral stem with a 22.2 mm head or a Spectron EF femoral stem with a 28 mm head. The Charnley articulated with a g-sterilized Charnley Ogee acetabular cup. The Spectron EF was used with either EtOsterilized non-cross-linked polyethylene (Reflection All-Poly) or highly cross-linked (Reflection All-Poly XLPE) cups, combined with either cobalt chrome (CoCr) or Oxinium femoral heads. The patients were followed with repeated RSA measurements for 2 years. After 2 years, the EtO-sterilized non-cross-linked Reflection All-Poly cups had more than four times higher proximal penetration than its highly cross-linked counterpart. Use of Oxinium femoral heads did not affect penetration at 2 years compared to heads made of CoCr. Further follow-up is needed to evaluate the benefits, if any, of Oxinium femoral heads in the clinical setting. The Charnley Ogee was not outperformed by the more recently introduced implants in our study. We conclude that this prostheses still represents a standard against which new implants can be measured. ß 2011 Orthopaedic Research Society. Published by Wiley Periodicals, Inc.
Osteolysis induced by wear debris of ultra-high molecular weight polyethylene (UHMWPE) is considered the most common cause for failure of total hip arthroplasties (THA). 1 Sterilization technique and UHMWPE quality are related to wear. 2 Sterilization with gamma irradiation in air breaks the polymer chains and generates free radicals. Free radicals may combine with each other creating cross-links between adjacent molecules, which reduces abrasive wear. However, they entail the disadvantage of oxidative degradation of polyethylene (PE) when exposed to the body's oxidative environment, which may lead to deterioration of mechanical properties. 3 To address the problem, sterilization methods in inert environments with ethylene oxide (EtO) or gas plasma were introduced. However, these methods do not have the benefits of cross-linking, and an earlier report showed increase in early in vivo wear after EtO sterilization. 4 Highly cross-linked polyethylenes (HXLPE) provides a considerable reduction of wear compared to conventional polyethylene (PE). 5, 6 The common denominator of HXLPEs is an increased cross-linking by high dosage irradiation, and the reduction of oxidative degradation by eliminating the free radicals through thermal stabilization. The Reflection XLPE liner (Smith & Nephew, Memphis, TN) used in cementless THA has shown promising results in vitro 7 and in vivo. 8 The cemented version of this implant is the Reflection All-Poly XLPE cup. To our knowledge, no clinical studies exist on this implant.
Concerns of PE wear have also been addressed by introducing alternative femoral head materials. Oxidized zirconium (Oxinium, Smith & Nephew) was introduced in the last decade for use in THA. 7 Oxinium has a metal core and an approximately 5 mm thick zirconia ceramic surface. During the manufacturing process, heating causes oxygen to diffuse into the metallic zirconium alloy, thereby, transforming the original metal surface into zirconia. Laboratory tests of Oxinium femoral heads showed less risk of fracture than traditional ceramic heads and superior scratch resistance over metal heads. 7, 9 No randomized clinical studies exist evaluating its effect on PE wear in THA.
Radiostereometric analysis (RSA) enables in vivo measurement of relative 3D motion in the range of 0.1 mm and 0.058. Due to its accuracy, few patients are needed to obtain satisfactory statistical power. With RSA the degree of migration during the first years after surgery correlates with the implant's longterm performance. We wanted to evaluate wear and migration patterns of the cemented highly cross-linked Reflection All-Poly XLPE cup and its non-irradiated counterpart, the cemented Reflection All-Poly cup, when articulating with either Oxinium or traditional cobalt chrome (CoCr) femoral heads (Smith & Nephew). Our null hypothesis was that wear and migration were equal to the Charnley Ogee prostheses (DePuy Intl.
Ltd, Leeds, United Kingdom), which is regarded by many as the gold standard for THA. 10 The present study was an approach to a stepwise introduction of new implants used in THA.
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MATERIALS AND METHODS
This prospective randomized controlled trial was registered with ClinicalTrials.gov (NCT00698672), and the trial was approved by the Regional Ethical Committee. 150 patients (59-80 year) with primary or secondary osteoarthritis of the hip were included in the study from November 2004 to June 2007. Each patient provided consent. In bilaterally operated patients, only one hip was included. Exclusion criteria were BMI > 35, incompensated cardio-pulmonary disease, malignant disease, dementia, rheumatoid arthritis, or other serious systemic diseases.
The patients were randomized into five groups. Eight consultant orthopaedic surgeons and one resident surgeon either performed or supervised the operations. To avoid the influence of surgeon, block randomization was used. The randomization process was conducted with sealed envelopes revealing study group. The patients were blinded.
Intervention
The five groups of patients received one of the following cemented THAs: Only patients suitable to receive both the Spectron EF stem size 2-5 with a standard offset and the Charnley Flanged 40 stem were included.
The manufacturer supplied the acetabular cups with spherical tantalum markers into the dome and periphery. The Charnley sockets had ten 0.8 mm markers and the Reflection sockets had six 1 mm markers. At surgery, 6-9 tantalum markers (diam. ¼ 1 mm in the Charnley group and ¼ 0.8 mm in the other groups) were inserted into the periprosthetic pelvic bone.
The surgical technique was standardized using a modified direct lateral approach 12 with the patient in the lateral decubitus position. All cases were performed in an operating theater with laminar airflow. Spinal anesthesia was used in all patients. The acetabulum was reamed to bleeding subchondral bone. In the Charnley group the smaller acetabuli received a 40 mm outer diameter (OD) cup, and the larger acetabuli received a 43 mm OD cup. In the other groups the cup OD corresponded with the largest reamer used. 6-12 anchorage holes were drilled. The components were inserted with Palacos R with gentamicin cement (ScheringPlough, Labo N.V., Heist-Op-Den-Berg, Belgium) using third generation cementing technique. Femoral stem insertion was performed at 5 min after cement mixing; cup insertion at 6 min after mixing. Patients received tranexamic acid before surgery, perioperative systemic antibiotics (four doses of cefuroxime 2 g or two doses of clindamycin 0.6 g in the presence of penicillin allergy) and low molecular-weight heparin (Dalteparin 5000 IE sc). for 5 weeks. Patients were allowed partial weight bearing with crutches from the 1st post-operative day. Restrictions were discontinued 6 weeks post-operatively.
Outcomes
Harris Hip Score (HHS) was used to rate clinical outcome and was performed pre-op and at 3, 12, and 24 mos. The operating surgeon performed preoperative scoring, whereas, the first author did the subsequent rating.
The median time (range) for the index RSA examination was 11 (9-15) days after operation and RSA examinations were repeated at 3, 6, 12, and 24 months after surgery. All examinations were performed by one radiographer. A uniplanar technique with the calibration cage positioned under the examination table was used (cage 43, RSA Biomedical, Umeå , Sweden). 13 The patient was supine during examination. A gantry-mounted and a portable X-ray tube were used to obtain simultaneous exposures. For imaging we used high definition digital plates (Agfa, Mortsel, Belgium CR MD 4.0) and for plate reading we used the ADC compact digitizer (Agfa). Point motion of the femoral head center, using the tantalum markers in the PE as a fixed reference segment, represented head penetration. Segment motion of the markers in the PE, using the markers in the periprosthetic pelvic bone as a fixed reference segment, represented cup migration. Penetration, migration, and rotational migration were calculated along and around the horizontal (X), longitudinal (Y), and sagittal axes (Z) on the basis of signed values and was computed using the UmRSA Digital measure version 5.0 software (RSA Biomedical). Maximum total point motion (MTPM) was calculated as the vector sum of the penetration. Our main outcome was proximal head penetration (proximal translation of the femoral head along the Y-axis).
Penetration measurements were only performed if !3 markers in the PE could be identified on repeated examinations. Migration measurements were only performed if !3 markers in the PE and the periprosthetic pelvic bone could be identified on repeated examinations. The upper limit for the mean error of body fitting was set at 0.35 and the condition number at 150. 13 The median (range) condition numbers were 46 (22-107) and 33 for the socket and acetabular markers, respectively. The corresponding mean errors of rigid body fitting were 0.07 (0.01-0.25) and 0.15 (0.03-0.28).
For determining precision, the difference between double measurements on 50 patients was computed. The standard deviation (SD) of the differences with respect to zero was calculated. 14 The precision was then calculated using the formula:
where P is the precision, x the difference between double examinations, and 2.009 represented the critical value at two-sided 95 % t-distribution for a sample size of 50. The precision data are presented in Table 1 .
Statistical Methods
In addition to an overall hypothesis test of differences among the groups, each prosthesis brand was compared against the Charnley prosthesis. The p-value considered statistically significant was therefore set to be smaller than the typically 5% using the Bonferroni method, which gave an adjusted significance level equal to 0.0125 (0.05 divided by 4). A power analysis for the student t-test for indepenent samples showed that group sizes of 24 would give a power of 80 % to detect a 0.1 mm difference in mean head penetration with a two-sided significance level of 0.0125 and an assumed SD of 0.1 mm. We anticipated some exclusions and, therefore, included 30 patients in each group. Differences in baseline characteristics were analyzed using Chi-squared tests for proportions and one-way ANOVA for mean values. We compared mean HHS preoperatively and at 2 years post-op within each group using paired t-tests. One-way ANOVA and t-tests for independent samples were used to detect differences among the groups in mean values of HHS, head penetration and cup migration at 2 years. When comparing head penetration at 12 and 24 mos and cup migration at 6 and 24 mos, we used the paired t-test.
RESULTS
No differences in baseline characteristics were found among groups, except for the smaller cup size used with the Charnley Ogee ( Table 2 ). Five patients were excluded for infection and dislocation and four were lost to follow-up at 24 mos (Fig. 1 ). Nine percent (n ¼ 27) of the RSA examinations at 2 years were excluded due to missing RSA examinations, deficiency of a sufficient number of visible markers, or a transient problem with reading the digital plates. One examination was excluded due to a high condition number.
Clinical Outcome
We observed improvement in HHS in all groups (p < 0.005). At last follow-up mean (SD) HHS was 91 (10.8) in the Charnley Ogee and the Reflection All-Poly groups with CoCr (8.5) and Oxinium (11.1). In the Reflection All-Poly XLPE groups with CoCr and Oxinium, mean (SD) HHS was 93 (11.3) and 88 (9.5), respectively. We found no significant differences among the groups (p ¼ 0.7).
Radiostereometric Analysis
In the Charnley Ogee cups, mean proximal head penetration at 2 years was 0.12 mm (Fig. 2) . Higher values were observed in the Reflection All-Poly cups with CoCr heads, with a mean penetration of 0.34 mm and in the Reflection All-Poly cups with Oxinium heads, with a mean penetration of 0.37 mm (p < 0.001; Table 3 ).
In the Reflection All-Poly XLPE cups, the CoCr heads had a mean penetration at 2 years of 0.09 mm and Oxinium heads in the Reflection All-Poly XLPE cups had a mean penetration of 0.08 mm, which was lower compared to the Reflection All-Poly groups (p < 0.001; Table 3 ).
The
In the Reflection All-Poly groups with CoCr and Oxinium heads, the proximal penetration between 12 and 24 mos increased 0.18 mm (p < 0.001) and 0.17 mm (p < 0.001), respectively. The corresponding values for the Reflection All-Poly XLPE groups with CoCr and Oxinium heads were 0.03 mm (p ¼ 0.03) and 0.02 mm (p ¼ 0.12), respectively. In the Charnley Ogee group, the head penetration increased 0.04 mm (p ¼ 0.001) between 12 and 24 mos.
At 6 mos, an initial proximal cup migration of 0.14 mm was observed in the Charnley Ogee group and between 0.04 and 0.07 mm in the groups with the Reflection cups (p ¼ 0.2). At 2 years this migration reached 0.19 mm in the Charnley Ogee group and between 0.04 and 0.08 mm in the other groups (p ¼ 0.03; Table 4 ). There were no differences in the medial/lateral (p ¼ 0.1) or AP translations (p ¼ 0.8) at 2 years among the groups. We found no differences in rotational migration of the different acetabular cups at 2 years (all p > 0.4; Table 4 ).
The difference in translation and rotational migration between 6 mos and 2 years did not reach significance in any of the groups.
DISCUSSION
Femoral head penetration is not solely attributed to the actual removal of substance. Creep, the non-elastic deformation of the PE, explains part of the penetration. The creep becomes negligible by the first 12 mos after implantation. 15, 16 A wear rate of >0.1 mm/year increases the risk of osteolysis, 17 though a continuous dose-response relationship between wear and ostelolysis may exist. 18 The head penetration of the Reflection All-Poly cups between 12 and 24 mos in our study is of great concern. Our results confirm results reported earlier. 4 We found low femoral head penetration of Reflection All-Poly XLPE after the bedding-in period, The Charnley prosthesis has a smaller femoral head than the other implants in our study. Smaller diameters in some studies on conventional UHMWPE were beneficial to wear, 20, 21 offering an explanation for the similar penetration results, despite the lower degree of PE cross-linking of the Charnley Ogee cup as compared to the Reflection All-Poly HXLPE cups. The low penetration of the Charnley may also be due to different materials (steel) and surface characteristics of the head compared to the heads in the other groups.
Nevertheless, with similar penetration value, the expected total wear debris load is lower when a smaller femoral head is used, which consequently might result in less wear debris induced osteolysis.
We did not reveal any differences in femoral head penetration between CoCr and Oxinium heads. Our findings thus do not support the in vitro results showing reduced wear with Oxinium heads. 7 Thus, caution should be used when transferring laboratory results to clinical performance. Our results might, however, be a consequence of the short follow-up; differences may become evident with a longer follow-up period. Retrieval studies reported cracking, gouging, and delamination of Oxinium heads after dislocation. 22, 23 We used cemented acetabular sockets. The problem is presumably of greater concern when Oxinium is articulating with a metal backed cup, due to the risk of impingment of the head against the metal shell during dislocation and subsequent attempts at closed reduction.
In our study all groups of cups had a migration that was within the limits of what is considered safe with respect to long-term performance. 24 Our results regarding proximal migration for the Charnley Ogee and the cemented Reflection cups at 2 years were quite similar to those presented in earlier reports. 25, 26 There was no significant migration between 6 mos and 2 years in any group, indicating that fixation was stable, after an initial period of migration.
The Charnley Ogee cup had a numerically (but not significantly) higher proximal migration, when compared to the other cups. We regard this finding to be a consequence of different cup designs and cementing technique. Interestingly, Charnley cups tended to migrate medially, while Reflection cups tended to migrate laterally. An earlier paper reported similar tendency of lateral migration of cemented Reflection cups. 26 Our findings are difficult to interpret because the difference was not significant. Nevertheless, they imply that different migration directions might be expected with different designs and cement mantle thicknesses.
Cross-linking comes at the expense of mechanical properties. 27 An earlier study reported that HXLPE mechanical properties did not alter the performance of cemented cups in terms of fixation. 28 We did not discern any differences in cup fixation of the two different cemented Reflection cups, thus supporting these earlier results.
Numerous studies showed higher wear rates with the use of metal-backed uncemented CUPS compared to all-polyethylene cups. 29, 30 The thinner polyethylene liner used for the same socket size with uncemented cups is one explanation. 31 Thus, our results regarding polyethylene wear cannot directly be transferred to uncemented sockets.
We followed the proposed guidelines for standardization of RSA. 13 The precision in our study was comparable with other reports. 4, 24 The examinations are technically difficult to perform, and we sized our study to allow for exclusions. However, 84 % of the RSA examinations were adequate at 2 years.
The cemented Reflection All-Poly XLPE and the Charnley Ogee cups performed better than the cemented Reflection All-Poly cups in terms of head penetration. The penetrations of the Reflection AllPoly XLPE and the Charnley Ogee were similar, but due to a larger head size the former might produce a higher total volume of wear debris. Longer follow-up is needed to evaluate steady state penetration rates. All three groups of cups had migrations within the limits considered to be safe with respect to long-term performance.
Care should be taken to generalize our results to other HXLPEs. Available implants differ in the manufacturing process and the PE resin used. Therefore, differences in wear, the degree of oxidation, and mechanical properties can be anticipated. Further follow-up is required to discern differences between CoCr and Oxinium heads with respect to wear, implant durability, and clinical benefits. Based on concerns of the mechanical properties and the lack of long-term clinical follow-up studies, we recommend the use of Oxinium to be restricted to clinical studies.
The Charnley Ogee has the longest follow-up and the largest volume of documentation of prostheses used in THA. 10 Our results imply that this prosthesis still represents a standard against which new implants can be measured over time.
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